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Introduction
In 1991, Iijima [1] synthesized carbon nanotubes (CNTs), which motivated the scientific community to consider these one-dimensional structures as attractive systems both theoretically and experimentally, given their potential use in the optoelectronic industry. Similar structures have been synthesized, namely zinc oxide nanotubes (ZnONT) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , which have also been investigated theoretically [13] using first principles theories. Recently silicon carbide multiple wall nanotubes (MW-SiCNTs) [14] have been synthesized by the reaction of silicon with carbon nanotubes.
It is well known that the above-mentioned nanotubes exhibit low chemical reactivity. However, this reactivity can be increased if nanotubes are functionalized by functional groups such as hydroxyl (OH) . In this work, we follow recent works on single wall nanotubes of BN [15, 16] , and BeO [17] to investigate the interaction of the hydroxyl group (OH) with a SiCNT considering different possible configurations. The OH group is adsorbed on the nanotube surface and at the nanotube end via dangling bonds. The purpose of this paper is to study structural and electronic properties of functionalized SiC single wall nanotubes and explore possible applications. We determine structural properties (bond lengths and nanotube diameters) and electronic properties (polarity, chemical potential, and work function) of nanotubes with armchair structure and chirality (5,5). As stated above, the OH group is considered to be adsorbed on the nanotube surface and bonded to the nanotube end dangling bonds. In addition, we investigate the effects of point defects (monovacancies) of Si and C in the functionalized system. The (5,5) chirality is chosen
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Influence of point defects on the structural and electronic properties of SiC nanotubes because this structure exhibits a strain energy of 0.087 eV per atom, which is a low energy as compared to other chiralities. The energy value indicates that the nanostructure may easily phase transform from 2D to 1D [18] . To explore new applications, we have also studied the solvation effects when the system is immersed in water. These studies are done by molecular simulation (local properties) within the framework of density functional theory.
Calculation details
First principles total energy calculations are performed to study the (5,5) SiCNT-OH system using the functional of Hamprecht-Cohen-Tozer-Handy (HCTH) [19] within the generalized gradient approximation (GGA) and the DNP basis function with double polarization (i.e., we use a p-orbital for H and a d-orbital for C, O and Si) [20] as implemented in the DMol 3 Quantum Chemistry code [21] . Six configurations have been considered of the OH interaction with the nanotube: (C1) the functional group is oriented towards a C atom, (C2) the group is oriented towards a Si atom, (C3) the group is bonded to a C atom at the end of the nanotube, (C4) the group is on the nanotube surface, (C5) the OH makes a bond with a Si atom at the nanotube end, and (C6) the OH is on the nanotube surface in a six-membered ring. Neutral charge and multiplicity 1 are present in the functionalized nanotubes. The SW-SiCNTs have a length of 1.61 nm and a diameter of 0.94 nm and are hydrogenated at both ends to saturate dangling bonds. The total number of atoms in the functionalized nanotubes is 120: 50 C, 50 Si and 20 H (to saturate dangling bonds), plus the hydroxyl functional group. Solvation effects have been explored according to the polarized continuum model (Conductorlike Screening Model) [22] [23] [24] . In this model, water is taken to be the solvent with a dielectric constant of 78.4. The effect of solvation energy difference is determined using the formulas Esolv 1 =E(SW-SiCNT solv )−E(SWSiCNT vaccum ) and
We have also determined the energy gap as the difference between the HOMO and LUMO frontier orbitals.
To determine the OH functional group adsorption energy we use the following definition: Ead=E(SWSiCNT+OH)−E(SW-SiCNT)−E(OH). The chemical potential is obtained according to the formula (HOMO+LUMO)/2, provided that the free electron gas energy is the Fermi energy and it is in the middle of the energy gap. The work function is calculated from the energy difference of the vacuum level (LUMO) and the Fermi energy (chemical potential); it represents the minimum energy required to remove an electron from the system to the vacuum. The Molecular Electrostatic Potential (MEP) is determined as described in the literature [25] .
The orbital cutoff radius for the OH group is 0.33 nm and for the SW-SiCNT and SW-SiCNT-OH it is 0.40 nm considering the base function. The convergence tolerance is 2.0×10 -5 Ha for the total energy. Structural stability was achieved following the non-complex vibration frequency criterion [26] .
Results and discussion
BN nanotubes with saturated open ends have attracted the attention of the scientific community, as indicated in the technical report of Hao et al. [27] . In the Hao et al. work, magnetic properties were successfully investigated with this technique. On the other hand, Chigo et al. [15] have demonstrated that the BN nanotube surface is the best place to functionalize systems when OH or SH functional groups are employed. In this configuration, these systems can potentially be used as field emitters. It is currently known that open BN nanotubes may be synthesized [28] and functionalized with polymers when the tubes have small lengths. The polymer functionalization makes the BNNT useful for biomedical applications. These systems may form composites with high mechanical resistance [29, 30] . We therefore aim to study the structural and electronic properties of OH-functionalized SW-SiC nanotubes, in cases of both defect-free and surface defect containing structures.
Analysis of geometric optimization process
The geometry optimization process (Table 1) has been carried out considering the interaction of the hydroxyl group with the SW-SiC nanotube. An example is shown for model C4 (Fig. 1a) . In this configuration, the functional group is at the nanotube end bonded to a Si atom, which turns out to be the optimal geometry with the lowest energy. Our finding agrees well with that reported by Zhao et al. [31] , but it differs from results obtained for functionalized BNNTs [15] . Note that some metastable SiCNT-OH configurations exhibit an expanded diameter. Moreover in model C6 (metastable configuration), where the OH group is interacting with the nanotube surface, the functional group is located within the nanotube and forms a bond with a Si atom (Fig. 2) . This configuration may be advantageous for possible applications according to the work of Miyamoto et al. [32] . These authors performed a simulation using ultrafast laser pulses (ULPs) to promote the HCl into the nanotube, with the chlorine atom forming a bond with the carbon or boron nitride nanotube. This work has motivated applications in nanochemistry and in the study of confined molecule manipulation in nanotubes. The interaction of the OH group with the SiCNT surface exhibits a configuration where the hydroxyl is located 1.68 Å from a Si atom at the nanotube end, and the oxygen-hydrogen bond length in this case is 0.96 Å. The nanotube structural parameters remain unchanged, with a Si-C bond length of 1.79 Å. This result agrees with those of the pristine SW-SiCNT as well as that for the SiC nanosheet [33, 34] . Note that the SW-SiCNT-OH structure exhibits a diameter 0.03 nm smaller than the pristine SW-SiCNT. This reduction is produced by Total energy difference for the system SW-SiCNT-OH at different configurations. The reference energy corresponds to the lowest minimum energy.
the large interaction of the nanotube with the functional group, which implies strong coupling between these systems, suggesting potential for technological applications.
Analysis of the electronic properties
The SiCNT-OH system has an adsorption energy of -3.42 eV (chemisorption), meaning that the interaction is an exothermic process. On the other hand, the features displayed by the pristine SW-SiCNT MEPs surfaces (Fig. 1b) show how the electron distributions are localized on the carbons, which are increased by the presence of OH (Fig. 1d) . The MEPs also show that the zones of high electron concentration are not localized at the nanotube ends as in the beryllium oxide nanotube [17] . These results suggest that the dispersion of the tubular structures within media such as vacuum or an organic solvent containing negative charge may be enhanced due to stronger repulsion. This in turn has implications for technological applications. An isolated SW-SiCNT behaves like a semiconductor, with an energy gap of 2.47 eV (energy difference between HOMO and LUMO frontier orbitals). This semiconductor transforms into a semimetal (0.42 eV) when functionalized, suggesting that OH-functionalized nanotubes may be used in the spintronic industry. The band gap reduction forces the unoccupied states to be near the occupied states, favoring electronic transitions and consequently improving conductivity. Note that the chemical reactivity (chemical potential) and the work function are unchanged as a result of solvation (see Table 2 ). The nanotube polarity is increased by functionalization to induce a transition from a covalent (0.009 D) to an ionic (3.19 D) bond. In this way, the charge is localized at the interaction zone between the SiCNT and the OH, as depicted by the MEP. A similar situation is observed in BN nanotubes with different chirality [35] and with OH group functionalization [15] . This is also found in the interaction between hexagonal BN nanosheets and the biopolymer chitosan [36] .
The increase in the SW-SiCNT-OH polarity suggests the possibility of solvation as in BNNTs functionalized with methoxy-poly (ethylene gycol)-1,2-distearoyl-snglycero-3-phospoethanolamine-N and solvated in water [37] . Taking into account that the polarity changes, we have performed a solvation simulation of these SWSiCNTs in water. The process of solvation produces an increase in the SW-SiCNT-OH polarity from 3.19 (non solvated) to 12.40 D (solvated). In view of the importance of solvation to biochemical applications, we determined the solvation energy differences for the pristine SW-SiCNT and the SW-SiCNT-OH systems as E solv1 = -82.99 kcal mol -1 and E solv2 =-85.324 kcal mol -1 , respectively. Note that the solvation energy difference becomes more negative by -2.33 kcal mol -1 , which indicates that conduction electrons are polarized by solvation. This suggests they may be dispersed, with possible applications in the removal of heavy metals.
From the calculations of the SiCNT-OH work function, we note that charge transfer can be easily achieved, since there is a low energy of 0.21 eV as compared with the corresponding value of the pristine SiCNT, which is 1.24 eV. This in turn means that the adsorption of functional groups on the nanotube favors the field emission properties (FEPs) in the functionalized NT, in agreement with reports in the literature on the functionalized BN nanotubes [15] . The FEPs are favored when the hydroxyl is adsorbed at the nanotube end instead of the surface. This suggests that functionalized SiCNTs are good candidates for the fabricatation of optoelectronic devices, since overcoming the potential energy barrier (chemical potential) is feasible to achieve non-zero conductivity. BNNTs exhibit similar features when they are solvated in water [15] .
Finally, we have calculated the electric conductivity using the formula σ α exp (-E g /kT), where k is the Boltzmann constant and T the temperature [38] . At a given temperature, the SiCNT-OH system has an energy gap of 0.42 eV (in vacuum), which yields a good conductivity as compared with the pristine SiCNT system. Apparently the solvent induces thermal stability of both pristine and solvated NTs.
Influence of point defects
Lattice defects such as vacancies can be produced experimentally in BNNT [39] . These induce changes in electronic properties. We therefore explore the effects of Si and C vacancies in pristine SiCNT and functionalized (SiCNT-OH). The presence of C monovacancies in SiCNTs produces a rearrangement that yields StoneWales [40] defects with the formation of two pentagons, containing three Si atoms and two carbons in the vicinity of the vacancy (Fig. 1h) . At the same time, the semiconductor behavior is preserved. However, there is a decrease in the value of the energy gap between the HOMO-LUMO frontier orbitals by 0.87 eV with respect to the pristine SW-SiCNT. The polarity increases by 5.17 D and the Fermi energy increases by 0.44 eV, see Table 2 ). From these results, we conclude that the functionalized nanotube with carbon monovacancies is a good candidate to construct devices such as displays. This is possible because the electrons move into the empty levels to enhance conduction by the reduction of the potential barrier.
The SiCNT-OH system with Si vacancies (Fig. 1g ) does not rearrange, and the vacancy remains at the nanotube surface similar to the pristine SiCNT case (Fig. 1f) . Note that the SiCNT-OH system exhibits an energy gap reduction from 2.47 eV (pristine SiCNT) to 0.35 eV (SiCNT-OH), suggesting a transition from a semiconductor to a semimetal behavior. The chemical reactivity decreases (-4.62 eV) , the polarity increases (4.73 D) and the work function decreases (by 1.06 eV). These results suggest the system with vacancies to be a good candidate for applications in the optoelectronic device industry. The MEP surfaces of these systems with vacancies (Figs. 1g and 1h) show how the displaced Si atom yields the largest concentration of electronic charge. This is contrary to what happens when the carbon atom is removed from the nanotube surface, in which case the surface rearranges. The charge redistribution analysis can also be understood by the observation of the reinforced HOMO and LUMO (Fig. 3) iso-surfaces. According to Fig. 3 , there is an orbital hybridization of the p z and s orbitals of carbon and silicon in the vicinity of the vacancy, which should be compared with the pristine SiCNT, where the main contributions come from the carbon or silicon atoms. Similar to the defect-free system the electric conductivity of SiCNT-OH with vacancies is improved provided the energy gap is decreased, in particular the carbon vacancies induce thermal stability.
Conclusions
We have presented structural and electronic properties studies of functionalized single wall silicon carbide nanotubes with chirality (5,5). To functionalize the nanotubes, we use the OH functional group. The adsorption energy (-3.42 eV) of the OH adsorbed on the nanotube indicates a chemisorption phenomenon. SW-SiCNTs are functionalized at the ends instead of the surface as in the BNNTs case reported in the literature. An important result relates to the reduction of the energy Table 2 . In this table we report optimized structural parameters (Å) and electronic properties: HOMO-LUMO energy gap (eV), Fermi energy (eV), polarity (Debye) and work function (eV) of the SiCNT-OH structure. gap (HOMO-LUMO difference), which indicates that the SiCNT-OH system transforms from a semiconductor to a semimetal, whether vacancies exist or not. The polarity of these systems suggests the possibility to improve the solvation conditions, while dispersion is favored according to the value of the solvation energy difference, which becomes more negative upon functionalization. The modifications of the SWSiCNT-OH field emission properties suggest possible applications of these structures in devices such as displays. Additionally, since the synthesis of SiCNT-OH with monovacancies can be achieved experimentally as indicated by the simulation results, and since they exhibit a decreased work function, these structures may also be good candidates for device fabrication.
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